We report on the experimental demonstration of chirality-selective mechanical separation of randomly distributed assemblies of right-handed and left-handed chiral microparticles by optical means. Chiralresolution experiments are made using two-dimensional emulsions of chiral-liquid-crystal droplets under the action of circularly polarized laser beams and do not require information on the initial location of the particles. Also, we numerically identify that the cooperative effects of hydrodynamic interactions mediated by the viscous fluid surrounding the particles can speed up the enantioseparation process.
I. INTRODUCTION
The property characterizing an entity that is not superimposable on its mirror image-chirality-is an old concept that was experimentally articulated by Pasteur in the 19th century, in the framework of his optical studies [1] , the name itself being introduced by Kelvin several decades later [2] . Chirality is a geometric concept that plays a role across scientific disciplines. In particular, its central place in the universal question about the origin of life [3] makes it a property of Nature, the appeal of which is timeless and reaches out to the general public. In fact, chiral substances are part of our everyday life as, for instance, active compounds such as drugs and cosmetics. The sought-after effect of a chiral molecule, however, may crucially depend on its handedness, while the usual synthesis techniques do not lead to only one of the two enantiomers (i.e., the mirror-image versions of a chiral compound). This implies the need for postsynthesis chirality-selective techniques to resolve racemic (i.e., equal weights) mixtures of two enantiomers. The spontaneous chiral resolution during crystallization demonstrated by Pasteur is a famous example; however, such processes remain restricted only to a small fraction of the chiral species [4, 5] . Although established chiral-resolution techniques [6, 7] operate at the industrial scale, further developments are to be welcomed, especially toward the elaboration of compound-insensitive processes.
The search for alternative techniques based on chiralselective interaction between chiral entities and external physical fields (electric, magnetic, optical, electronic, etc.) is a longstanding issue [8] . In particular, it was recognizedearly on that asymmetric light-matter processes can * etienne.brasselet@u-bordeaux.fr be directed by the photon helicity by favoring one of the two enantiomers as the product of a phototransformation, such as in photolysis [9] , photoresolution [10] , and photosynthesis [11] . Intriguingly, the establishment of a chirality-selective optomechanical sorting processes is a topic that has emerged only recently, with the aim at replacing the visual recognition process and handmade tweezers of Pasteur with passive all-optical processes. Despite ever-increasing theoretical efforts from many groups to establish the foundations of this challenging topic (see, e.g., Refs. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] ), there are only a few experimental reports to date that deal with discriminatory effects for single chiral microparticles at a time [30] [31] [32] [33] [34] [35] .
Here, we report on an experimental attempt to resolve a racemic assembly of chiral particles by purely optical means. The experimental observations are made by choosing chiral-liquid-crystal (cholesteric) droplets arranged into a two-dimensional emulsion. The sorting time as a function of the size of the particle is discussed and calls for the need for a boosted light-induced chiral discriminatory drift for submicrometer particles. Numerical investigations reveal the boosting role of hydrodynamic interactions in the chiral-resolution process, which is assessed for twodimensional (2D) and three-dimensional (3D) racemic emulsions.
II. THE EXPERIMENTAL APPROACH
Monodisperse droplets of right-handed and left-handed chiral liquid crystals are prepared by microfluidic techniques [36] . In our case, we use a polydimethylsiloxane (PDMS, Sylgard 184) chip enabling droplet generation by a pinch-off mechanism (see Fig. 1 ). Note that in order to make an oil-in-water emulsion in a PDMS chip, the latter is surface treated with a Mirapol Surf S 500 polymer mixture to make it hydrophilic. The carrier fluid is approximately 30 wt% aqueous glycerol mixture, doped with approximately 2 wt% polyvinyl alcohol. The use of glycerol allows us to reduce the viscosity contrast between the carrier fluid and provides us with an almost isodense droplet mixture. This eases the fabrication and handling of the emulsions. In addition, the use of a small fraction of polyvinyl alcohol prevents the coalescence of droplets. We use two cholesteric-liquid-crystal (CLC) commercial mixtures from BEAM Co., characterized by a molecular helical arrangement of the liquid-crystal molecules with same pitch p and opposite helix handedness [ Fig. 2(a) ]. These CLC mixtures are prepared by doping the nematic HB443 liquid crystal with the right-and left-twisting chiral dopants CHD-56624-R and CHD-56624-S (all being BEAM Co. products) and fine tuning their concentrations to obtain the design's Bragg wavelength. Cholesterics are well known to exhibit a strong chirality-selective circular Bragg reflection phenomenon [37] that refers to discriminatory reflection of circularly polarized light, provided that the optical electric field helix and the material helix are cohanded. This is illustrated in Fig. 2(b) , where the co-and contrahanded reflection spectra are shown for both righthanded and left-handed cholesteric planar films using the same materials as those used to prepare the droplets, for which the chirality-selective reflection band is designed to be centered close to λ 0 = 532 nm that is the wavelength of the laser light field used for sorting.
The carrier fluid used promotes parallel anchoring of the liquid-crystal molecules at the surface of the droplets. In turn, our droplets are characterized by a radial distribution of the helix axis [38] (see also Ref. [39] for a numerical description of the fine 3D molecular ordering). The observed circular Bragg reflection phenomenon is qualitatively the same as for planar films. However, the 3D confinement brings a substantial complexity to Reflection spectra for droplets with a radius of 30 µm. Spectra for films and droplets are recorded at room temperature using a supercontinuum laser source and a fiber spectrometer. Every spectrum is the average of five independent measurements and is normalized by the spectrum obtained from the Fresnel reflection from a bare glass substrate.
the structure itself and the ensuing light-matter interaction, which remains to be properly addressed theoretically. From an experimental point of view, even the reflection spectra of individual chiral Bragg droplets have not yet been reported, despite these objects motivating practical applications in photonics, such as self-assembled omnidirectional microlasers [40] . Here, we report on the experimental assessment of such missing spectral information, as shown in Fig. 2 (c), for generated droplets having a radius R 0 = 30 µm. As shown in Fig. 2(c) , the cohanded spectra are less top-hat shaped than for films, while the contrahanded spectra remain flat. Strong discriminatory optical behavior is obtained at λ 0 . Equal volumes of independently prepared emulsions of left-handed and right-handed droplets generated by the microfluidic device are mixed and placed between two glass substrates separated by an approximately 200 µm gap. The sample is placed horizontally to discard the effect of gravity (see the setup sketch in Fig. 3 ). Spectrally filtered polarized halogen illumination is used to identify and tag the handedness of individual droplets. Indeed, according to Fig. 2(c) , the reflective cohanded circularly polarized imaging of the droplets gives bright images, whereas dark images are obtained in the contrahanded situation [see Fig. 4(a) ]. The droplets are further irradiated by two continuous-wave Gaussian beams with wavelength λ 0 at a 45
• angle of incidence. The two collimated Gaussian beams are mutually contracircularly polarized, have the same optical power P and same beam radius ∼ 500 µm defined as the distance from the beam axis where the intensity falls by a factor exp(−2). Their intensity cross sections in the observation plane of the sample are shown in Fig. 4(b) . Hydrophilic surface treatment is carried out to prevent the droplet from wetting the bottom glass substrate, hence improving the robustness of the experiments. The sorting experiments are carried out at approximately 10
• C above room temperature in order to optimize the optomechanical response of the droplet. The latter point is explained by the importance of the location of the drivingbeam wavelength λ 0 inside the circular Bragg photonic band gap [31] , noting that the temperature allows fine tuning of the spectral location of the band gap. • allows switching between LH and RH reflections). (b) Observation of the elliptically shaped intensity cross sections in the observation plane for the two driving beams, which is done by placing a tracing paper inside the mixture in which the droplets are immersed. Scale bars: 500 µm.
III. 2D CHIRAL OPTICAL SORTING EXPERIMENTS
The principle of all-optical chiral resolution basically relies on the discriminatory optical force exerted by the two driving laser beams on the droplets. Indeed, it is known that a circularly polarized wave illuminating a chiralliquid-crystal droplet exerts on it a force that depends strongly on the relative optical and material handedness, provided that the optical wavelength falls in the circular photonic band gap [31] . In addition, the latter force is directed along the propagation direction of the driving light field. Since the movement of the droplets is restricted here to the x-y plane, the light-induced motion is qualitatively expected to take place along the x axis.
The chirality-selective displacement is ensured by the use of two contracircularly polarized beams [32] . An experimental demonstration is reported in Figs. 5(a) and 5(b), which show, respectively, the spatial distribution of the droplets at time t = 0 at which the laser beams are switched on and after an irradiation duration of about 2 h under P = 2 W, for which the maximal force-field magnitude F 0 exerted on a droplet is of the order of a few 044025-3 
, M RH,LH being the total number of droplets of a given handedness and x RH,LH i being the ith droplet coordinate along the x axis.
piconewtons, according to [32] . The dynamics of the individual trajectories of the droplets are retrieved by processing the recorded video. The droplet motion mainly occurs along the x axis, as shown in Fig. 5(b) . Quantitatively, the sorting dynamics is illustrated in Fig. 5(c) , which presents the centroid dynamics for each chiral droplet population, unveiling a maximal velocity of the order of 10 µm min −1 , which remains modest for practical implementation. The displacement asymptotically converges at the rim of the Gaussian beams as the optical intensity and hence the optical force exponentially decays to zero. As expected due to symmetry considerations, reversing the polarization state of both beams reverses the displacement direction of the droplets while preserving the chiral-resolution process.
Also, we note that the observed trajectories are curved and that their very nature depends on the event. This suggests that uncontrolled experimental side effects are at work. One can mention the possible role of the inhomogeneous surface state of the bottom substrate and the nonideally smooth Gaussian intensity profiles. Recalling that the orientation of the radial defect of the droplets [38] is uncontrolled, the detailed nature of the optomechanical effect itself should also be at play. Indeed, this is expected to lead to an optical scattering force, the direction of which depends on its orientation.
The size of the particles used here for proof-of-principle experimental demonstration is comparable to molecular crystals that researchers might want to sort in real-world applications; nevertheless, chiral particles with smaller sizes should be also considered. Accordingly, we discuss in the next section how the sorting time scales, and how much the entities are spread after the sorting, with respect to the size of the particle and the spatial extent of the initially racemic assembly.
IV. THE INFLUENCE OF PARTICLE SIZE AND THE INITIAL SIZE OF THE RACEMIC ASSEMBLY ON THE SORTING PROCESS
First, we address the scaling of the optical force with respect to the radius R of the particle. We consider a racemic particle assembly with initial spatial extent L 0 , as sketched in Fig. 6(a) , under the action of a uniform chiral discriminatory optical force field F opt . We describe the particles as a collection of noninteracting spheres in linear translation in an unbounded Newtonian fluid with dynamic viscosity η. We account for a low Reynolds number, which is the case in practice. The right-handed and left-handed particle assemblies move in opposite directions at constant velocity and hence drift apart by a distance d opt = (F opt /(6πηR))t = αt after an irradiation duration time t. Meanwhile, the Brownian motion leads each particle to explore a region with a typical timedependent size defined by the Stokes-Einstein expression
, where k B is the Boltzmann constant and T is the temperature.
The radiation-pressure force originating from the circular Bragg reflection phenomenon scales with the surface of the effective spin-dependent mirror. In the case of spherical particles, it scales as R 2 [31] . Thus one can obtain the following scaling laws with respect to the particle size:
where the subscript "0" refers to the nominal case R = R 0 at which the experiments presented in the previous section are performed. For the present materials we have F opt ∼ 5 pN [35] , η ∼ 4 mPa s, and T ∼ 300 K. The sorting time t sort is therefore evaluated from the condition Fig. 6(b) ], which gives
The dependence of the sorting time on the particle size is shown in Fig. 6(c) , choosing L 0 = 1 mm for the sake of illustration and 100 nm < R < 100 µm, for which 044025-4 OPTICAL ENANTIOSEPARATION OF RACEMIC EMULSIONS. . . 0.1 fN F opt 0.1 nN. The corresponding behavior for the spatial extent L of the sorted particles is shown in Fig. 6(d) . A crossover between two regimes appears around the critical value R c = R 0 β 0 / √ α 0 L 0 ∼ 10 − 100 nm, above which the Brownian motion has little influence, as emphasized by the respective behavior t sort ∼ (L 0 /α 0 )(R/R 0 ) −1 and L ∼ 2L 0 . Nevertheless, we note that the strong reflectivity associated with the Bragg reflection and hence the magnitude of F opt vanishes when the condition p ≪ R is no longer satisfied, as is the case when R 1 µm. This implies even larger sorting times for the smaller particles, which may prevent further developments using chiral-liquidcrystal droplets. However, optical enantioseparation does not aim at being restricted to cholesteric materials and a more generic evaluation is useful to provide a quantitative framework toward practical developments of optical enantioseparation techniques. This is achieved by calculating the force (of any nature) exerted on individual particles in order to sort a given racemic assembly within a given time. This is done by combining the condition d opt = L 0 /2 + d B at t = t sort with Eqs. (1) and (2), which gives
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The results are shown in Fig. 7 , imposing a sorting time of 1 min, 1 h, or 1 d with L 0 = 1 mm and η = 1 mPa s. It appears that subfemtonewton-level discriminatory optical forces allow us to consider the enantioseparation of particles down to the nanoscale. Another point is worth mentioning when dealing with enantioseparation in a fluidic environment, namely, the possible role played by hydrodynamic interactions, independent of the fact that fluids with low viscosity values are always to be welcomed. Indeed, every particle in motion generates long-range fluid flows around it. Such flows subsequently exert viscous forces on the surrounding particles. The resulting dynamics is that of a many-body system. In the recent years, collective motion of microparticles under optical fields has been unveiled as a valuable trick for studying nontrivial phenomena, such as pulling optical forces [41] and lateral optical forces [42] , by benefiting from the hydrodynamic amplification effect. We thus expect to speed up the sorting process as the hydrodynamic interaction effects increase. This would be of interest when considering the provocative question of optical chiral resolution of nanometer-sized chiral particles or chiral molecular compounds. In the next section, we address this point numerically, for both 2D and 3D racemic emulsions under the action of a discriminatory force field.
V. ENHANCED ENANTIOSEPARATION VIA HYDRODYNAMIC INTERACTION
Our simulations are based on a point-particle model, the robustness of which has been previously discussed in the context of the sedimentation of granular columns [43] . First, we randomly initialize the positions of N = 2M particles in a square (2D case) or cubic (3D case) box of characteristic length L 0 given by r (1, . . . , M ), while the other half experience the opposite force field, F x, y, z) , with i = (M + 1, . . . , N ) , where 0 ≤ f (x, y, z) ≤ 1 is the normalized force-field profile. Moreover, the inertial contribution is neglected and the dynamics of the particles are driven by the Stokes equation.
In the absence of interaction, the velocity vector field of each particle, v (i) , is therefore merely described by the Stokes velocity of a single particle under the force field, v 
where ϵ (n) = +1 for 1 ≤ n ≤ M and ϵ (n) = −1 for M + 1 ≤ n ≤ N . Also, δ xk refers to the Kronecker symbol and D (ij ) is the normalized vector distance between the ith and j th particles. The resulting set of 3N coupled differential equations for the positions of the particles given by dr (i) /dt = v (i) , and associated with the initial condition
0 , is integrated using an Adams-Bashford algorithm. The single adjustable parameter is the ratio R/L 0 , the value of which fixes the level of the hydrodynamic interactions.
Numerical simulations allow us to explore the boosting role of hydrodynamic interaction in both 2D and 3D. In the latter case, this is done by considering droplets with a random initial distribution in a cube of size R 0 . An example is shown in Fig. 8 , in the case of a uniform force field given by f (x, y) = 1, taking R/L 0 = 0.03. In the latter figure, the positions of the particles are shown at times t = (0, τ 0 /2, τ 0 ) for N = 200. The effect of hydrodynamic interactions is clearly seen from the deformation of the initial clouds of right-handed and left-handed particles when the dynamics take place. The modifications, however, are substantially more significant along the force-field direction given by the x axis. The spatial redistribution of the particles is associated with curved trajectories in 3D as well as with the time and space dependence of the particles' velocity. Such behavior is addressed quantitatively by introducing a characteristic sorting time τ , defined as τ off = τ 0 /2, since the left-handed and right-handed populations move in opposite directions at the same velocity. In contrast, in presence of hydrodynamic interaction, the sorting time depends on the number of particles and on the magnitude of the interaction. This is demonstrated in Fig. 9 , which presents a statistical study of the reduced sorting time τ/τ off in the 2D and 3D cases, for a uniform force field and for two levels of hydrodynamic interaction, namely, R/L 0 = 0.01 and R/L 0 = 0.03. Cooperative hydrodynamic effects actually decrease the sorting time all the more as their magnitude and the particle density increase.
VI. CONCLUSION
To summarize, these results extend previous experimental attempts to observe discriminatory optical forces exerted on individual chiral objects by chiral light to many-body systems, where collective effects are prone to enhance sought-after chirality-selective sorting effects. By doing so, this work opens the way for further experimental implementation by considering particles with smaller sizes, toward the grail of all-optical resolution of chiral entities at the nanoscale. Finally, we note recent theoretical discussions on the possible use of a chiral light field endowed with chiral features that are not associated with the polarization state, as is the case for light fields carrying optical-phase singularities [44] , which is another option through which to explore the experimental feasibility of alternative chiral optomechanics approaches.
